Abstract: The removal of inorganic mercury from waste water streams arising from mines, using an artificial amorphous compound of the crandallite type synthesized in our laboratory, Ca 0.5 Sr 0.5 Al 3 (OH) 6 (HPO 4 ) (PO 4 ), has been investigated. This compound exhibits an extremely wide range of ionic substitutions: Ca 2þ and Sr 2þ were interchanged with Hg 2þ , so the mercury content of the waste water, ranging from 70 to 90 ppm, was reduced to less than 0.1 ppm. The process has been studied under batch conditions. The crandallite showed a high capacity for the exchange of mercury from mercuric nitrate solutions, 1.555 meq g
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. The ion-exchange equilibrium isotherms for Hg 2þ were correlated by the Langmuir equation. The recovery of mercury from Hg-crandallite using HCl solutions and thermal treatment was also studied. Optimum recuperation of mercury is achieved by chemical reaction with HCl solution (pH 2.25). At these conditions, 75% of the mercury is recovered as the HgCl 4 2À complex in a simple batch process, and the crandallite (in the protonic form) can be reused. 
INTRODUCTION
Over the years mercury has been recognized as having serious impacts both on human health and the environment. This recognition has led to numerous studies that deal with the properties of various forms of mercury, the development of methods to quantify and speciate the forms, fate and transport, toxicology studies, and the improvement of site remediation and decontamination technologies. Different forms of mercury may exist at a contaminated site, and these compounds may also be transformed from one species to another under certain environmental conditions. Decontamination for different forms of mercury may require several techniques. Because of its high vapour pressure, metallic mercury disperses relatively quickly into the atmosphere and, with suitable air movement, is taken up by plants and animals. Therefore, from the viewpoints of environmental chemistry, geochemistry, marine biology, and limnology, it is important to establish a rapid, simple, sensitive and accurate method for the removal of this element from contaminated waters. The most important starting material for mercury extraction is mercury sulfhide (cinnabar). The orebearing deposits are porous sedimentary rocks (sandstone, bituminous shale, Silurian quartzite) that contain mercury sulfhide. The ore is extracted in several mines which generate waste waters containing mercury at levels ranging from 70 to 90 ppm. 1 Mercury is widely used because of its diverse properties. In very small quantities, mercury conducts electricity, responds to temperature and pressure changes, and forms alloys with almost all other metals. Mercury serves an important role as a process or product ingredient in several industrial sectors. In the electrical industry, mercury is used in components such as fluorescent lamps, wiring devices and switches (eg thermostats), and mercuric oxide batteries. Mercury also is used in navigational devices, instruments that measure temperature, and pressure, and other related uses. It is also a component of dental amalgams used in repairing dental caries. In addition to specific products, mercury is used in numerous industrial processes. The largest quantity of mercury used in manufacturing in the US is the production of chlorine and caustic soda by mercury cell chlor-alkali plants.
Other processes include amalgamation, use in nuclear reactors, in wood processing (as an antifungal agent), use as a solvent for reactive and precious metals, and use as a catalyst. Mercury compounds are also frequently added as a preservative to many pharmaceutical products. 2 Thus, in all these processes, mercurial waste waters are generated and therefore must be purified. For example, the majority of plants used in chlor-alkali electrolysis employ liquid mercury cathodes, resulting in waste water containing 10% mercury or more. 3 Inorganic mercury contained in waste waters can be transformed into methylmercury by the action of the bacteria present in the water. Methylmercury is the most toxic form that enters the food chain, and is more easily absorbed by fish and other aquatic fauna, either directly through the gills or by ingestion of contaminated aquatic plants and animals. The most widespread mercury-related health problem among humans involves the consumption of water fauna, such as fish, that have been contaminated with methylmercury. 4 Thus, it is necessary to remove the inorganic mercury as soon as possible from the waste waters.
The following techniques can be used for the elimination of mercury: adsorption on a substrate such as the activated carbon or others, 5, 6 filtration and ultrafiltration, 7 metal reduction, 8 membranes, 9,10 ion exchange resins, 11, 12 and biological reduction. 13, 14 This work has the purpose of presenting a new adsorbent-immobilizator which is available, inexpensive and has a very good capacity for fixing mercury. The choice of the crandallite-type compound is due mainly to its chemical composition, large specific surface area, high porosity and high ion-exchange capacity. The waste waters used here were prepared in the laboratory as mercuric nitrate solutions at different initial concentrations of Hg 2þ . Crandallite-type compounds can be applied for immobilization of radioactive fission products and toxic heavy metals from natural and artificial sources. Ions like Hg 2þ may enter mixed crystals, thus decreasing their concentration in solution. The Sr-Cainduced crandallite works as a geochemical barrier or immobilizator, filtering ions out of solution, in agreement with the results of our previous study. 15, 16 This work was undertaken as a part of an industrialscale project with the objective of investigating a method for removing mercury at levels ranging from 70 to 90 ppm from waste water streams from mines by using a crandallitic compound. So, mercury was immobilized to the Hg-crandallite form as non contaminant waste material. Regeneration of the crandallite with HCl was also studied.
EXPERIMENTAL 2.1 Synthesis and characterization of amorphous precursor Ca/Sr-crandallite
The synthesis of Ca/Sr-crandallite, Ca 0.5 Sr 0.5 Al 3 (OH) 6 (HPO 4 ) (PO 4 ) follows the reaction defined by eqn (1):
The reaction was carried out at 60°C in 1dm 3 flasks magnetically stirred at 700 rpm under environmental pressure. The synthesis time was 15 days. Then the powder was filtered, dried (40-45°C), milled and analysed. The phase purity was checked via chemical and thermal analysis, according to the methods described elsewhere. 17, 18 Particle size distribution was determined using Low Angle Laser Light Scattering (LALLS) in a Mastersizer 2000. Total specific surface values and pore size distribution were determined from nitrogen adsorption data acquired on a Micromeritics Asap 2010 apparatus using a BET method with an experimental error lower than 2%. Particle morphology was determined from micrographs taken with a Philips XL30-CPDX41 scanning electron microscope (SEM) on Au metalled samples. The Ca/Sr-crandallite composition was also analysed with a fluorescence detector attached to the SEM.
Batch kinetic studies
The exchange experiments were carried out in agreement with a previous study using ion-exchange resins, 19 under the following conditions: 1 g Ca/Srcrandallite was placed into a 2 dm 3 glass reactor and stirred with 1 dm 3 mercuric nitrate solution containing 12, 20, 80 and 120 ppm Hg 2þ . A set of comparative experiments was carried out progressively increasing the agitation rate in order to ensure that film mass transfer resistance was negligible. The evolution of concentration with time was obtained by taking liquid samples to follow the mercury content and by measuring the conductivity of the solution in a conductivity cell to know when a constant concentration had been reached. Signals from the conductimeter (Crison 2201) were monitored by a computer by means of a data acquisition program developed in our department. The solution pH prior to contact was 3.5. After contact, solutions were filtered and analysed by atomic emission spectrophotometry, inductively coupled plasma (JOBIN YVON JY48P) for mercury concentrations between 0.15 ppm and 125 ppm, or by an atomic emission spectrophotometry advanced mercury analyser (AMA 254) for mercury concentrations below 0.15 ppm.
Equilibrium experiments
The equilibrium experiments were carried out in 1dm 3 flasks, hermetically sealed and magnetically stirred, submerged in a temperature controlled thermostatic bath. A 0.15 dm 3 aliquot of mercurial water (mercuric nitrate solution) was added into each of several flasks, and solution and crandallite were maintained at a fixed temperature under vigorous stirring until equilibrium was achieved. After that, the mixtures were filtered to remove the crandallitic compound and the filtrate was analysed for mercury content as described above. The crandallite's phase composition was determined by mass balance from initial and equilibrium compositions of the aqueous phase, according to eqn (2):
where C o and C* are the initial concentration and equilibrium concentration of inorganic mercury in the liquid phase (meq dm À3 solution), respectively; n* denotes the crandallite phase equilibrium concentration of mercury (meq g À1 dry crandallite), and V and W are the volume of solution and the weight of dry crandallite (dm 3 and g), respectively.
Recovery studies
Recovery experiments of mercury from Hg-crandallite were carried out using thermal and chemical treatments. The thermal treatment was carried out by combustion in a furnace up to 800°C (similar to the metallurgy process used in the roasting of cinnabar to obtain mercury). The chemical recovery of mercury from Hg-crandallite was carried out taking into account the reactivity of mercury with Cl À ions. So, different HCl solutions (10 À4 M to 5 Â 10 À2 M, pH 4 to 1.2) were used for the formation of the HgCl 4 2À ionic complex. The amount of solid undissolved by the acid solution was determined using the Mastersizer 2000 described above. Figure 1 corresponds to 15 days synthesis time, obtained as indicated above, where the solid structure obtained is amorphous and it is a precursor of the crystalline structure. The crystalline Ca/Sr-crandallite could be obtained after 6 months of synthesis in an autoclave at 200°C and 15 bars pressure. Table 1 shows the composition of the precursoramorphous and crystal Ca/Sr-crandallite. It can be seen that the values of composition of the precursor are different to the crystalline crandallite since it has not crystallized yet. Nevertheless, the calcium and strontium compositions are higher in the precursor form than in the crystal solid. For this reason, and taking into account that according to our previous study, 17 the absorbent properties of the two forms (crystalline and amorphous) are similar, and that from an industrial point of view it would not be economically feasible to synthesize crandallite in a crystalline state, amorphous crandallite was selected for this study.
RESULTS AND DISCUSSION

Synthesis and characterization of Ca/Sr-crandallite
Equilibrium and kinetic studies
Since one of the controlling factors governing the use of ion exchangers is the equilibrium distribution of ions between the solid and solution phases at any given system, ion-exchange equilibrium was studied. Figure  2 shows experimental isotherms for the Hg 2þ /(Ca 2þ -Sr 2þ ) exchange on crandallite at various initial concentrations of Hg 2þ in solution. It is evident from this figure that the equilibrium is very favourable for crandallite. The Langmuir equation was used to fit the experimental equilibrium data. As can be seen in Fig 2, the data are correlated quite well by eqn (3) .
where n ? is the maximum asymptotic solid-phase solute concentration (meq g À1 dry solid), K I is the equilibrium constant, and C o n* and C*, as defined above, are the initial solute concentration in solution, and the equilibrium solid and liquid phases solute concentrations, respectively. The solid line in Fig 2 shows the Langmuir isotherm in dimensionless form:
where:
As can be seen in Fig 2 the data are correlated quite well by the Langmuir equation. The equilibrium parameters were determined by fitting the experimental data to eqn (3), using the Marquardt method for non-linear regression. 20 The values of n ? and K I obtained were 1.555 meq g À1 and 23.647, respectively, and the error calculated by eqn (6) was 6.078%.
where m is the total number of experimental equilibrium data obtained with the different initial concentrations of Hg 2þ ; n Ã exp and n Ã model denote the crandallite phase equilibrium concentration of mercury (meq g À1 dry crandallite) obtained experimentally and predicted by the model respectively.
The value of K I is higher than 1, indicating that the removal process is very favourable. Figure 2 shows that crandallites have a higher affinity for Hg 2þ than for Ca 2þ and Sr 2þ ions, which allows the easy elimination of this metal ion from the wastewaters.
The results obtained for the specific surface area for Ca/Sr-crandallite and Hg-crandallite were 143.442 and 122.027 m 2 g À1 , and their average pore sizes were 20.619 and 25.390 nm, respectively. These data allow us to conclude that the main mechanism involved in mercury removal from mercurial waste waters using crandallite is ion exchange and not adsorption, since neither surface area nor pore diameter of crandallitic forms present any significant change. Therefore, the results indicate the replacement of the crandallite ions Ca 2þ and Sr 2þ with Hg 2þ metal ions. The following ion-exchange reaction can occur with mercury in its common oxidation state (Hg 
Crandallite crystallizes in the alunitecrystal lattice. Because of its open structure, the cations Ca 2þ and Sr 2þ are replaced by mercury; this element enters into the crystal network and thus becomes immobilized. The crandallite used in this study shows high selective binding of Hg 2þ over Ca 2þ and Sr 2þ . It may be that the larger space provides more spatial possibility for the ligands to form a complex with mercury ions. This finding is consistent with the results obtained by other authors. 21 The experimental kinetic results are presented in Fig  3 which shows the increase of the amount of Hg 2þ removal by crandallite (mg g À1 ) with time at different initial concentrations.
The amount of metal ion exchanged increases with time until equilibrium is attained. The time required for equilibrium was approximately 30 s for the range of concentrations studied. The equilibrium is attained rapidly, indicating a high ion-exchange rate of mercury on crandallite since it presents a high adsorption capacity (n ? = 1.555 meq g À1 ). The adsorption rate was obtained by the expression given by Lagergren 22 (eqn (8) ) verifying that kinetics data of Hg 2þ adsorption on crandallite follows a firstorder reaction, as is shown in Fig 4. logðq e À qÞ ¼ logðq e Þ À K ad t 2:303 ð8Þ
where q and q e are the amount of Hg 2þ adsorbed (mg g À1 ) at any time t (s) and at equilibrium time respectively; K ad is the rate constant of adsorption (s À1 ).
The average K ad value calculated from the slopes of the plots for crandallite was 8.72 Â 10 À2 s À1 . The high value of K ad obtained for the adsorption of Hg 2þ on crandallite denotes the high adsorption process rate, as is shown in Fig 3. From the results obtained, it may be stated that crandallite, as an adsorbent, is a good candidate for the elimination of mercury from mercurial waste waters.
From the standpoint of an industrial application of this process, the discontinuous kinetic curves obtained are sufficient to provide the essential information required for process design. However, batch kinetic data were also accurate and extensive enough to allow a more detailed theoretical analysis to explain the different behaviours of the process studied.
Since the ion-exchange rate of mercury did not change with the agitation rate, the ion-exchange rate must be controlled by the intraparticle diffusion rate. Therefore, the ionic exchange rates of the batchwise tests were analysed by the squared driving force model, 23, 24 which leads to the following equation:
where D eff (cm 2 s À1 ) is the intraparticle effective diffusivity, d pw (cm) the mean resin wet diameter, t (s) the time from the beginning of the experiment and F is given by eqn (10) which represents the fractional uptake of mercury:
where C and C ? are the concentration of mercury in solution at any given time and at the end of the experiment, respectively. The results shown in Fig 5 illustrate the good linearity of the experimental data relating to the adsorption kinetics, thus verifying the validity of the model. The effective diffusivity, 6.88 Â 10 À10 cm 2 s À1 , was calculated from the arithmetic media of slopes using the d pw value (3.23 mm) obtained from the particle size distribution of crandallite (Fig 6) . This figure shows a unimodal distribution, therefore this diffusion is an average value for crandallite in an interval between 1 and 10 mm. Also, the low particle size explains the rapidity of the kinetic process using crandallite as adsorbent.
From the results obtained in the equilibrium and kinetic studies, it may be stated that crandallite could be used for the purification of wastewater from the mercury metallurgy industry.
Recovery studies
The thermal treatment of Hg-crandallite allows the recovery of 100% of mercury from the solid. This treatment involves heating the solid at 800°C, collecting and condensing the evolved vapours, and recovering the elemental mercury. Nevertheless, this process is not feasible since the crandallite decomposes at that temperature, as indicated in a previous work, 16 and is then transformed into a solid waste.
The chemical recovery was carried out using solutions consisting of Cl À ions (10 À4 to 5 Â 10 À2 M) as complexing ligand to form HgCl 4 2À . Figure 7 shows the recovery of mercury from Hg-crandallite and the stability of this solid versus HCl solution acidity. As is shown, the recovered mercury increases with the acidity, reaching total recovery at values of pH 41. However, as can be seen, Hg-crandallite dissolves when the pH value is lower than 2.25. For this reason, the optimum pH value used for recovery must be 2.25, which permits the maintenance of the structure of crandallite (in the protonic form H-crandallite) to be reutilized afterwards and the recovery of about 75% of mercury contained in the solid, in a batch process.
CONCLUSIONS
The main mechanism that takes place in the removal of Hg 2þ from waste waters, using crandallite-type compounds, is ion exchange.
The crandallite-type compounds have a high Hg 2þ exchange capacity from mercurial waste waters, similar to that obtained with commercial exchangers as resins.
Crandallite crystallizes in the alunitecrystal lattice. Because of its open structure, the cations Ca 2þ and Sr 2þ are replaced by mercury; this element enters into the crystal network and thus becomes immobilized at natural conditions. This process is capable of reducing mercury concentration in effluents to less than 0.1 ppm for inlet mercury concentrations in waste water averaging 80 ppm.
Hg 2þ recovery studies prove the crandallite regeneration in the protonic form, H-crandallite, and the recovery of mercury as a complex compound, HgCl 4 2À . This method has been developed to serve the needs of the mercury metallurgy industry. It is applicable to most mercury-bearing streams containing up to 100 ppm, as found in waste waters from other industries.
